A new immobilization method, the simplifying modified polyvinyl alcohol (PVA)-sulfate method, has been evaluated. The influence of pH value on nitrate and phosphate removal by co-immobilized Chlorella pyrenoidosa and activated sludge was studied. The results showed that the co-immobilized system was adaptable to the environment; the micro-algae reproduced rapidly inside a PVA gel carrier under pH ranging from 5.0 to 10.0. Phosphate removal efficiency of the co-immobilized system was distinctly affected by pH but nitrate removal efficiency was not affected very much. The co-immobilized system had a higher removal efficiency in the water when close to neutral. Under suitable circumstances, the removal efficiency of nitrate reached 80% in all four experimental periods; meanwhile, the highest removal efficiency of phosphate was 88% but decreased to 56% from the first period to the fourth period in the experiment.
Introduction
Freshwater unicellular microalgae, mainly Chlorella and Scenedesmus, have been used in wastewater treatment for the removal of nitrogen and phosphorus compounds (Hammouda et al. 1995; Gonzalez et al. 1997) . However, the recovery of microalgae from treated effluent was a serious problem hindering its application, as the algal cells were too small to be separated from water. Immobilization technology, entrapping algal cells in a carrier, could satisfactorily resolve the problem. In addition, the immobilized microorganism was often found to be more stable than the free form, resulting in an enhanced rate of catalysis, prolonged duration of catalysis, or greater operational stability to pH extremes or temperature (Wong and Tam 1997) .
The commonly used carriers for immobilized cells are natural biopolymers such as alginate, carrageenan and agar, or synthetic polymers such as polyacrylates, polyurethanes and polyethers (Leenen et al. 1996) . Polyvinyl alcohol (PVA) is usually employed as a matrix for enzyme immobilization (Lozinsky and Plieva 1998) . This material has certain advantages as a carrier: PVA gels have very high micro-and macroporosities which provide favored conditions for the mass transfer of substrates and metabolites; the gels are highly resistant to biological degradation as well as being of a low sensitivity to culture media compositions; and PVA itself is a biologically compatible, nontoxic, and readily available low-cost polymer. PVA gels are mainly prepared by the freeze-thawing method or boric acid cross-linking reaction. These two procedures are complicated, and the reaction condition is dramatic which has an adverse effect on organisms. This study provides a simplified modified PVA-sulfate immobilization procedure to entrap both algae and bacteria for pollutant removal in wastewater. The operation of this method is simple and mild; at the same time, the gel beads formed are not adhesive, with less biological toxicity, high mechanical strength and good transparency.
Some studies on co-immobilization of algae and bacteria have been conducted (Chevalier and de la Noue 1988; Gonzalez-Bashan et al. 2000) , in which algae were co-immobilized with a single strain to examine the change of metabolism or behaviour of the microorganism. In this study, Chlorella pyrenoidosa was co-immobilized with activated sludge and the removal efficiency of nitrate and phosphate by this co-immobilized system was determined at different pH values.
Materials and Methods

Microorganism Culture Conditions
Chlorella pyrenoidosa, provided by the Freshwater Algae Culture Collection of the Institute of Hydrobiology, Chinese Academy of Science (FACHB-Collection), was cultured with sterile Bold Basal medium (Stein 1973) in an incubator at 25 ± 1°C, 4000Lux for 8 to 10 days. Before immobilization, the inoculum with suspended algae was centrifuged at 4000 rpm for 5 min. Supernatant fluid was abandoned and the precipitate was washed with distilled water twice. Next, a small amount of distilled water was added to prepare the concentrated algal liquor for immobilization.
Activated sludge was collected from the Jizhuangzi Wastewater Treatment Plant, Tianjin, China. Kitchen wastewater gathered from a mess hall in Nankai University was used to acclimate the bacteria with aeration at room temperature for 2 or 3 days. Before application the sludge was allowed to stand for 12 h for sedimentation and the supernatant fluid was discharged. The precipitate was used for entrapment.
Co-immobilization of Chlorella pyrenoidosa and Activated Sludge into PVA Gel
In accordance with the modified PVA-sulfate immobilization method , 10 g of PVA was dissolved into 70 mL of distilled water under a constant-temperature water bath at 100°C to form an aqueous solu-tion. The solution was cooled to room temperature and 5% sodium alginate solution, anhydrous ethanol, algal liquor and activated sludge were added, respectively. The mixture was then stirred sufficiently with a glass rod to form PVA gel containing algae and bacteria. The gel was extruded through a 60-mL syringe into 2% CaCl 2 solution stirring under 50 rpm to form beads entrapping microorganisms. After 15 min the beads were separated from the solution and washed with distilled water twice, then put into 10% Na 2 SO 4 solution and stirred under 300 rpm for 7 to 8 h. Finally, the beads were kept in distilled water for leaching of the salt for 24 h.
Experiment Procedure
Six 250-mL Erlenmeyer flasks containing 100 mL artificial wastewater sample and 400 co-immobilization beads were each used. 0.14. The pH of the water sample was adjusted to 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0, respectively, with HCl and NaOH solutions. All the flasks were placed in an incubator at 25 ± 1°C, 4000Lux. At every 12 h, samples were taken out for determining the concentration of nitrate and phosphate; and the pH was readjusted to the initial value, respectively. An experimental period was considered 72 h. At the end of each period, three beads were taken out from each flask to determine the algae cell density. The residual water was discharged and new water sample was added. Prior to the next period, the pH was adjusted again to the initial value.
Analytical Methods
The concentration of nitrate was determined by an ammonia-selective electrode following Standard Methods for Examination of Water and Wastewater (1989) . The concentration of phosphate was determined by molybdate spectrophotometry (Lu et al. 1989) . The average algae cell density of each bead was determined as follows: three beads were taken out from the flask and put into a test tube with a plug, 5 mL of 95% ethanol was added. The tubes were placed into a refrigerator at 4°C in darkness for 24 h when chlorophyll was extracted into ethanol. The absorbance of the solvent was measured at 663 nm with a spectrophotometer. The average algae cell density of each bead was calculated according to a standard curve (Xue 2002) . Figure 1 illustrates the increase of algal cell density at the end of each experimental period.
Results and Discussion
Growth of Immobilized Algal Cells
It is found that entrapped algal cells develop well in the carrier at pH values ranging from 5.0 to 10.0, and the best pH value is 6.0. After a 12-day culture, algal cells increase 6.7 to 9.8 times in the beads in all the water samples. It shows that the co-immobilization procedure with this new method is of low toxicity to algal cells; the mass transfer performance is good; and the carrier does not hinder the growth of algae.
From Fig. 1 , it can be seen that the effect of pH on the development of algal cells is not significant. Figure 2 shows the nitrate removal efficiency in water samples at different pH values. It can be seen from Fig. 2 that the change of pH does not affect the nitrate removal efficiency by the co-immobilized system. The highest removal efficiency is approximately 80% for each water sample in four periods of the experiment.
Removal Efficiency of Nitrate in Water Samples at Different pH Values
In the first period, the removal rate increases relatively slower than in the other three periods. Perhaps it is because the co-immobilized systems need some time to recover from the entrapment process and acclimatize themselves to the new environment. It is thought that the higher pH value was more suitable, because as the pH value became higher, the removal efficiency of the system increased more quickly. On the other hand, the highest removal efficiency at pH 8.0 is 83.12%, and the lowest is 78.65% at pH 6.0 and 10.0. The difference among the samples is not high. In the second and third periods, the differences of the removal efficiencies among the samples are smaller than the first period. The system in the water sample at pH 5.0 shows the highest removal efficiency, and the removal efficiency decreases slightly when the pH value increases. In the fourth period, the difference of removal efficiency among the samples is so small (78.65-80.70%) that we consider the removal capacity of the system at different pH values is almost the same. No matter in which period, the highest removal efficiencies are always approximately 84%. Figure 3 illustrates the highest nitrate removal efficiency at different pH values in each experimental period, and also demonstrates that effect of pH on nitrate removal efficiency is slight. At the same time, the removal efficiencies can be maintained throughout the experiment.
During the experimental periods, the difference of removal efficiency among water samples becomes smaller and smaller, which demonstrates that the co-immobilized systems adapt to the environment. Figure 4 shows the phosphate removal efficiency in water samples at different pH values. The effect of pH on the phosphate removal efficiency is more significant. In the first period, the difference in phosphate removal efficiencies among the samples is small, ranging from 63.45 to 73.09% (72 h). The curve fluctuates sharply at pH 6.0, where the maximum removal efficiency reached 88.35% at 36 h, then declined to 58.63% after 12 h. It is concluded that the effect of pH on phosphate removal efficiency is greater than that on nitrate removal efficiency. At the beginning of the experiment, the system needs more time to adapt to the environment, microor- In the second period, the difference in phosphate removal efficiency among the samples becomes visible. The highest removal efficiency occurs at the time segment of 60 to 72 h. The highest value is 84.39% (pH 6.0), and the lowest is 53.16% (pH 10.0), thus the difference is more than 30%.
Remove Efficiency of Phosphate in the Water Sample at Different pH Values
In the next two periods, the removal efficiency decreases, meanwhile the difference among the samples is more evident. The highest removal efficiency in the third period and in the fourth are 73.97% (pH 7.0) and 56.62% (pH 7.0), respectively; the lowest ones in the third period and in the fourth are 38.36% (pH 5.0) and 21.92% (pH 10.0), respectively. As the experiment proceeds in the third and the fourth periods, the fluctuation disappears gradually and the curves become smooth. At the same time, influence of pH on removal efficiency becomes noticeable.
Comparing the four periods, removal efficiency is almost always the highest at pH 7.0, and it is lower at pH 8.0 and 6.0, while the lowest at pH 5.0 and 10.0. Figure 5 illustrates the highest phosphate removal efficiency at different pH values in each period. It can be concluded that neutral surroundings are more suitable for phosphate removal by the co-immobilized system, but removal efficiency cannot be maintained. Good removal efficiency can be attained at pH ranging from 6.0 to 8.0. Acid and alkaline conditions considerably influence the removal efficiency of the system. Precipitation, uptake and absorption are considered the major mechanisms for phosphate removal by immobilized systems. Tam and Wong (2000) concluded that the removal of phosphate in an algal reactor was achieved by algal uptake and chemical precipitation. The uptake by algae was related to algal biomass and bead concentration. The presence of calcium ions in wastewater together with elevated pH values in the immobilized system favored the precipitation of phosphate as calcium phosphate. Megharaj et al. (1992) reported that phosphate precipitation was an important phenomenon at pH values around 8 and higher. In our study, precipitation is not considered the major mechanism, since the removal capacity is almost the lowest at pH 10.0. Absorption of the carrier may play a role due to its porous structure. The possible explanation of the phenomenon that phosphate removal efficiency decreases from the first period to the fourth may be due to the saturation of absorption of the carrier. Meanwhile, impact of the change of pH may lead to decline of algal uptake.
The physiological action of algae causes the change of pH (Chevalier and de la Noue 1988; Travieso et al. 1992; Hammouda et al. 1995) . In order to test the toleration of the co-immobilized system to acute changes of pH and maintain different pH values for each sample, the pH was readjusted to the initial level every 12 h in the experiment. It might strongly influence reproductive and physiological activity of microorganisms through the acute changes of pH, resulting in an adverse effect on the algal cells and fluctuation of removal efficiency.
One-way analysis of variance was carried out with data obtained from the fourth period of the experiment. Table 2 shows F, F crit and Pvalue of the effect of pH on nitrate and phosphate removal efficiency by the co-immobilized system. Comparing the removal efficiency of the two nutrients, we can conclude that the effect of pH on nitrate removal is not significant, but it is significant on phosphate.
In the co-immobilized system, microorganisms are entrapped in the carrier. The absorption and utilization of light, CO 2 , and other nutrients must pass through the carrier. This procedure influences the co-immobilized system in the following two ways. First, the microorganism exists in relatively stable surroundings for life and reproduction, therefore the acute changes of pH in the surroundings may not act on cells immediately and the damage to the microorganisms is diminished. Second, probably because that nutrient accesses the inside of carrier through the force of the concentration gradient inside the carrier, concentration of the nutrient is lower than that in the surroundings. The immobilized algal cells must enhance the utilization efficiency of required nutrients for growth and physiological activity of anabolism. As a result, the growth rate of the co-immobilized algal cells and removal efficiency of nitrate and phosphate are high.
Conclusion
The co-immobilized algal cells develop well in the carrier with a simplified modified PVA-sulfate method. The operation of this new method is simpler than the freeze-thawing method or boric acid cross-linking reaction being widely used; the procedure is of low toxicity to algal cells; and the carrier does not hinder the growth of microorganisms. Co-immobilized Chlorella pyrenoidosa is adaptive to the surroundings with pH ranging from 5.0 to 10.0, especially pH 6.0.
Nitrate removal efficiency from artificial wastewater using the coimmobilized system is not affected significantly by pH. The average removal efficiency reaches 80% under experimental conditions (pH 5.0-10.0). Influence of pH on phosphate removal efficiency is more noticeable than on nitrate. To attain the best removal efficiency, pH of the surroundings should be neutral. The best removal efficiency reaches 88%, generally 70 to 80%. During the first period to the fourth, removal efficiency declines. At suitable surroundings, in the first three periods (3 days for each), removal efficiency reaches 70%; but in the fourth period, it decreases to 56%.
The acute changes of pH can impact the physiological activity of the algal cells, which influences the removal efficiency of nutrients. Accordingly, in surroundings of steady or slowly changed pH, the coimmobilized system should have a higher removal efficiency of nitrate and phosphate.
